Preparations. Pancreatic islets were isolated from ICR mice by collagenase digestion (20) and were cultured for up to 12 h in Dulbecco's modified Eagle's medium (glucose, 5.5 mM). The islets were immersed in a solution (Sol A) containing 140 mM NaCl, 5 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , 10 mM Hepes-NaOH (pH 7.3), and 2.8 mM glucose. The polar fluorescent tracers SRB (0.7 mM), lucifer yellow (1 mM), pyranine (1 mM), Alexa Fluor 488 hydrazide (1 mM), Alexa Fluor 488-dextran (1 mM; 10 kD), Texas red-dextran (1 mM; 3, 10, or 70 kD), and fluorescein-dextran (1 mM; 10 or 70 kD) as well as the lipid tracer FM1-43 (5-50 µM) were added 10 min before stimulation with 20 mM glucose; all tracers were obtained from Molecular Probes (Eugene). Unless otherwise stated, the islets were exposed to 2 µM forskolin (Sigma) 20 min before stimulation with glucose. Staining with fura-2 was performed by incubating the islets for 30 min at 37°C in serum-free culture medium supplemented with bovine serum albumin (1 mg ml -1 ), 0.1 % F-127 pluronic, and 20 µM fura-2 acetoxymethyl ester (Molecular Probes), followed by washing with Sol A. For insulin staining, islets were fixed with paraformaldehyde (1%) in Fig. 1E ; the preparations were then treated with antibodies to insulin (Sigma) and Texas red-labeled secondary antibodies. Simultaneous labeling with 3-kD dextran and insulin was possible, because insulin should largely be left in the vesicle when 3-kD dextran permeable pore was open (Fig.  4) . Two-photon excitation imaging. Two-photon excitation imaging allows deeper tissue penetration and is more suitable for simultaneous multicolor imaging compared with one-photon imaging (S1). Moreover, we have found that, with this approach, it is possible to avoid the inner filter effect of bright fluid-phase tracers, such as sulforhodamine B (SRB) (13), with large extinction coefficients, which hampers the use of such tracers in one-photon excitation imaging. Two-photon excitation imaging of islets was performed with an inverted microscope (IX70, Olympus, Tokyo) equipped with a water immersion objective lens (UPlanApo 60× water/IR; numerical aperture, 1.2), and a laser-scanning microscope (FV300, Olympus), as described (13). The laser power at the specimen was 3 to 10 mW and the wavelength was 830 to 910 nm. Images were acquired every 0.3 to 2 s. In most instances, we focused on the outer second to fourth cell layers of islets, which yielded bright and sharp images. The onset of a fluorescence signal was defined by the sampling time before that at which a signal of >15% of the peak value was attained. Twelve-bit images were color coded with either the autumn or gray codes of the FV300 microscope. Imaging experiments were performed at room temperature (24° to 25°C).
Two-photon excitation imaging. Two-photon excitation imaging allows deeper tissue penetration and is more suitable for simultaneous multicolor imaging compared with one-photon imaging (S1). Moreover, we have found that, with this approach, it is possible to avoid the inner filter effect of bright fluid-phase tracers, such as sulforhodamine B (SRB) (13), with large extinction coefficients, which hampers the use of such tracers in one-photon excitation imaging. Two-photon excitation imaging of islets was performed with an inverted microscope (IX70, Olympus, Tokyo) equipped with a water immersion objective lens (UPlanApo 60× water/IR; numerical aperture, 1.2), and a laser-scanning microscope (FV300, Olympus), as described (13). The laser power at the specimen was 3 to 10 mW and the wavelength was 830 to 910 nm. Images were acquired every 0.3 to 2 s. In most instances, we focused on the outer second to fourth cell layers of islets, which yielded bright and sharp images. The onset of a fluorescence signal was defined by the sampling time before that at which a signal of >15% of the peak value was attained. Twelve-bit images were color coded with either the autumn or gray codes of the FV300 microscope. Imaging experiments were performed at room temperature (24° to 25°C).
Fura-2, fluorescein, pyranine, and Lucifer yellow were excited at 830 nm, SRB at 830 or 850 nm, Alexa Fluor 488 and FM1-43 at 850 or 910 nm, and Texas red at 910 nm. Fluorescence of fura-2, fluorescein, pyranine, Lucifer yellow, Alexa Fluor 488, and FM1-43 was measured at 420 to 530 nm, and that of SRB and Texas red was monitored at 570 to 650 nm. Simultaneous fluorescence measurement of FM 1-43 (or fura-2 or fluorescein) and Texas red-dextran (or SRB) was performed with a dichroic mirror (corner wavelength, 570 nm) and two photomultipliers. The contribution of FM1-43 fluorescence to the SRB or Texas red-dextran channel was estimated by measuring the preparation stained only with FM1-43 under each experimental condition, and was subtracted from the images obtained with SRB or Texas red-dextran. The fluorescence intensities of two dyes were measured within the same circular area (0.2 µm 2 ) containing the spots of SRB or fluorescent dextran.
Blood vessels were identified from three-dimensional reconstruction of SRB images; they were defined as major vessels if their diameters were larger than 3 µm in a tomographic image. Exocytotic events were considered to occur toward blood vessels when they were localized within 1 µm from such vessels. We did not detect either hot spots of exocytosis, where more than five events occur within 0.5 µm, or regional segregation of the first and second phases of insulin exocytosis ( Fig. 2A) . The exocytotic events were not accompanied by a decrease in fluorescence of the surrounding region (Fig. 1D) , indicating that the interstitial space does not present a barrier to diffusion.
Determination of the number of exocytotic events.
We determined the number of exocytotic events (Q) within a 2000 µm 2 area in the plane of focus for islets incubated in the absence of forskolin. There were 14.8 events per minute during the first phase of glucose-induced insulin secretion, within 5 min after glucose application (5 islets, 199 events). The number of exocytotic events in a β cell was then estimated from (4/3)πb 3 Q/2000T, where 2b is the diameter of a β cell (14 µm) and T is the thickness of the tomographic image (0.8 µm), yielding a value of 13.3 events per cell per minute. If we assume that a single insulin granule contains 2.6 fg of insulin (S2) and that an islet with a diameter of 200 µm contains 1221 β cells, the rate of insulin secretion is predicted to be 42 pg per islet per minute, which is close to the value of 67 pg per islet per minute obtained for mouse islets by radioimmunoassay (S3) .
Determination of the number of FM1-43 in a granule. For all SRB events (Fig.  3A) , we were able to detect the FM1-43 signal in the plasma membrane parallel to the focal plane (Fig. 1C) , where background fluorescence of FM1-43 was minimal. The FM1-43 fluorescence attributable to a single fusion event was equivalent to the surface area of a sphere with a diameter of 0.32 to 0.48 µm (mean ± SD, 0.43 ± 0.07 µm). Thus, there should be little staining of vesicle matrix with FM1-43, if any. To estimate the number of FM1-43 molecules per unit membrane area (N F ), we compared the FM1-43 (20 µM) fluorescence of islet plasma membranes parallel to the focal plane with that of a CHAPS solution (40 mM) by 2kN F A = C F N A TA, where A is the area of measurement, k is the fluorescence of FM1-43 in the plasma membrane relative to that in CHAPS, C F is the molar concentration of FM1-43 in the solution, N A is Avogadro's constant (6.02 × 10 23 mol -1 ), and T is the thickness of the image (0.8 µm). The value of k (0.35) was obtained by dividing the fluorescence of FM1-43 (0.5 µM) in a solution containing excess plasma membrane (1,000 bovine chromaffin cells per microliter) by that in a CHAPS solution. Estimates of 12,046 and 7,997 FM1-43 molecules per square micrometer were thus obtained for the plasma membrane and for an insulin granule with a diameter of 0.43 µm, respectively, at 20 µM FM1-43. The large flux of FM1-43 (mean, 4,030 molecules; n = 15) was detected at the onset of staining with SRB (Fig.  3C ).
An individual granule is able to contain 501 molecules of FM1-43 in the aqueous phase at a tracer concentration of 20 µM, indicating that 16 times (7997/501) this number of molecules in the aqueous phase is necessary to stain the granule membrane. In addition, the rate of aqueous permeation of FM1-43 via the fusion pore is predicted as 95 molecules per second per micromolar by 10 -6 N A πr 2 D aq /L (Fig. S1B) , assuming a pore diameter (2r) and length (L) of 2 and 10 nm, respectively, and an aqueous diffusion constant (D aq ) for FM1-43 of 500 µm 2 s -1 . This value is an overestimate, however, given that aqueous transfer of SRB, the molecular mass of which is similar to that of FM1-43, via the same pore was directly estimated as at most 18 molecules per second per micromolar (see below). Nevertheless, the aqueous transfer of FM1-43 at 20 µM predicts markedly slower staining of granules, with a time constant of 4.2 s (7997/(95 × 20)), than that observed (0.4 s), which also argues against a role for aqueous permeation in FM1-43 staining.
The fluorescence of FM1-43-stained islets depended on the concentration of free FM1-43 according to a first-order chemical reaction with a dissociation constant (K) of 7 µM for the β-cell plasma membrane. Thus, the maximal number of FM1-43 molecules incorporated into the plasma membranes of islets is estimated as 16,262 µm -2 , which is 20% of the estimate in the synaptic vesicles (80,000/µm 2 ) (S2). The time constants for staining of granule membrane with aqueous permeation are predicted from (N G /qK)/(1 + [FM1-43]/K) (Fig. 3D) , which is the ratio between the number of Diffusion and molecular dimensions of fluid-phase tracers. The molecular size of SRB is 1.36 by 0.8 by 1.5 nm (Chemi-Office, Cambridge Soft Corporation). The diameters of dextrans were estimated on the basis of the previously published value of 6 nm for 10-kD dextran (S5): ~4, 6, and 12 nm for 3-, 10-, and 70-kD dextran, respectively. Values of single-channel conductance were calculated from πr 2 /ρ(L + πr/2), where ρ is the specific resistance of extracellular solution. The value of ρ was set at 100 ohm cm to fit with the gap junction parameters (S6), 160 pS at 2r = 1.5 nm and L = 10 nm. The number of SRB molecules (N SG ) in a granule was estimated from F SG /N SG = F S A/C S N A TA, where F SG and F S represent the fluorescence of SRB in a single granule and in solution, respectively, and C S is the molar concentration of SRB. The maximal staining rate by SRB was detected 0.7 s from the onset and corresponded to 18 molecules per second per micromolar (n = 7). The peak SRB fluorescence corresponded to the staining of the volume of a sphere with a diameter between 0.28 and 0.52 µm (mean ± SD, 0.44 ± 0.16; n = 17) for normal exocytotic events, whereas it accounted for only 37 to 65% (54.7 ± 10.9%, n = 17) of a 0.44-µm-diameter sphere for events in which the pore reversibly closed (Fig. 4F) .
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The earlier onset of FM1-43 with respect to SRB signal ( Fig. 3A and B) was corroborated by the larger latency apparent between the onset of the FM 1-43 signal and the onset of the simultaneously measured 10-kD dextran signal (Fig. 4A) relative to that between the onset of the SRB signal and the onset of the 10-kD dextran signal (Fig.  4B) .
The decay in SRB fluorescence (Fig. 1B and S2A) represented the full collapse of granules into the plasma membrane. Other possibilities were excluded as follows. The decay could not be explained by bleaching, given that no bleaching was detected when the pore was closed (Fig. 4F) . The decay in SRB fluorescence was not attributable to specific chemical reactions of the dye within granules, given that a similar decay was detected with various fluorescent probes, including Lucifer yellow and Texas red-dextran (Fig. S2A) as well as fluorescein-dextran, Cascade blue-dextran, pyranine, and Alexa Fluor 488 hydrazide (12). The decay did not reflect granular movement toward out-of-focus planes, because granules at the plasma membranes parallel to the focal plane seldom moved and because flattening was directly observed in en face images of exocytosis (Fig. 1C) . As expected, FM1-43 fluorescence exhibited a similar decay (Fig. S2B) , and the decay of each tracer used could be described by the sum of two exponential functions with time constants of 1.5 and 15 s ( Fig. S2A and B) . In addition, the time course of FM1-43 fluorescence fitted better with that of the fluid-phase markers when FM1-43 fluorescence was plotted as the 3/2 power (Fig. S2B) , consistent with the selective staining of the granule membrane with FM1-43. 
